The N-methyl-D-aspartate receptor (NMDAR) is a major neurotransmitter receptor in the central nervous system (CNS), with functional roles in learning, memory, and sensation. Several mechanisms potentiate NMDARs, and NMDAR hyperexcitability plays pathophysiological roles in many conditions, such as neurodegenerative disease, ischemia, and chronic conditions arising from spinal cord injury. Previous research suggests that the NR2A subunit of the receptor contributes to NMDAR excitotoxicity in heterologous cells and in neurons in vivo. To investigate the role of NR2A in NMDAR excitotoxicity, we have developed a system based on flow cytometry that allows rapid evaluation of the effect of antisense constructs on protein expression and channel function. The enhanced yellow fluorescent protein (EYFP) was fused to obligatory NMDAR subunits, allowing expression to be monitored in living cultured cells. An NR2A antisense construct, asNR2A, specifically and effectively reduced NR2A-EYFP expression. NR1 and NR2A fusion proteins formed functional, excitotoxic channels upon co-expression. The asNR2A RNA significantly reduced NMDAR excitotoxicity when NR2A levels were limiting for channel formation. Using our assay system, further optimization can be achieved rapidly. The asNR2A construct and the assays developed for this study can be used to provide insights into NMDAR biology and disease.
The N-methyl-D-aspartate receptor (NMDAR) forms an ion channel that opens in response to the co-agonists glutamate and glycine (Ozawa et al., 1998) . NMDARs are widespread throughout the central nervous system (CNS) and peripheral nervous system (PNS) (Ozawa et al., 1998) , and are also expressed several nonneuronal cell types (Inagaki et al., 1995; Chenu et al., 1998; Lombardi et al., 2001) . As well as participating in many sensory processes (Minami et al., 1997) , NMDARs play crucial roles in learning and memory (Sprengel and Single, 1999) . At the molecular level, NMDARs are thought to "remember" prior stimuli via a process called long-term potentiation (LTP; Bliss and Collingridge, 1993; Malenka and Nicoll, 1999) . In the hippocampus, NMDARs that are stimulated appropriately cause an influx of calcium ions that leads to a localized activation of calcium/ calmodulin-dependent kinase II (CaMKII). CaMKII then potentiates the local AMPA (␣-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid) receptors, leading to a long-lasting enhancement of the glutamatergic neurotransmission at a given synapse (Malenka and Nicoll, 1999) . In addition to CaMKII, several other NMDAR-activated signal transduction pathways have been implicated in LTP, including casein kinase II, cyclic AMP-dependent protein kinase, protein kinase C, mitogen-activated protein kinase, and Src (Lieberman and Mody, 1999; Malenka and Nicoll, 1999; Sheng and Kim, 2002) .
Perhaps because of the many calcium-activated positive feedback loops that regulate NMDARs, it is no surprise that excessive NMDAR activity seems to play pathophysiological roles in several diseases and clinical conditions. Exaggerated NMDAR activity may play a role in some forms of epilepsy (Kohl and Dannhardt, 2001 ). Also, NMDAR-mediated excitotoxicity exacerbates a number of neurodegenerative diseases (Doble, 1999) , as well as ischemia, hypoxia, and CNS trauma (Faden et al., 1989; Nishizawa, 2001) . NMDARs are involved in chronic pain syndromes (Minami et al., 1997; Eide, 1998; Hewitt, 2000) and the hyperexcitability of spinal neurons mediating autonomic dysreflexia (Maiorov et al., 1997) that are prevalent in victims of spinal cord injury.
NMDARs are formed by two essential subunits, the NR1 subunit, which is expressed from a single gene, and the NR2 subunits, which are expressed from four genes, NR2A-D (Dingledine et al., 1999) . A third nonobligatory type of NMDAR subunit, NR3, is restricted to small neuronal subsets in the adult CNS (Ciabarra et al., 1995; Nishi et al., 2001; Sasaki et al., 2002) . Although NR2 subunits have much longer half-lives than NR1 subunits (Huh and Wenthold, 1999; Garcia-Gallo et al., 2001; Vazhappily and Sucher, 2002) , NR2 mRNA and protein levels are much more modest in comparison to NR1 levels (Goebel and Poosch, 1999; Garcia-Gallo et al., 2001) . Thus, NR2 subunits are limiting for channel formation in neurons (Huh and Wenthold, 1999; Prybylowski et al., 2002) . Electrophysiological properties of NMDARs, such as the strength of Mg 2ϩ blockade and current density, are also dependent on the NR2 component of a given receptor (Cull-Candy et al., 2001 ). NR2 subunits also contribute differentially to disease pathology. The NR2A subunit leads to the NMDAR with the fastest kinetics (Monyer et al., 1994) , and is the most excitotoxic of the NR2 subunits in cell culture models (Anegawa et al., 1995 (Anegawa et al., , 2000 . NR2A has been implicated genetically in the pathology of spinal chronic pain syndromes and ischemia (Minami et al., 1997; Morikawa et al., 1998) . Thus, NR2 subunits, and the NR2A subunit in particular, may be important targets for therapeutic intervention in diseases associated with NMDAR excitotoxicity and hyperexcitability. Accordingly, we have chosen to develop an antisense construct targeting the NR2A subunit to examine its pathological role in NMDAR hyperexcitability and excitotoxicity.
Typically, antisense constructs are evaluated initially using methods that track changes in target mRNA expression. Supplementary experiments must be carried out to confirm that effective constructs cause a corresponding reduction in protein levels, and that the resultant reductions are functionally significant. Although several techniques have been developed to aid the prediction of effective antisense constructs (e.g., Xing and Whitton, 1992; Zhao and Lemke, 1998) , the generation of effective antisense constructs remains largely a matter of trial and error (e.g., Jarvis et al., 1996; Pierce and Ruffner, 1998; Tatout et al., 1998; Yu et al., 1998; Wrzesinski et al., 2000; Lloyd et al., 2001; Sohail et al., 2001 , but see Scherr et al., 2000) . Accordingly, we have created an in vitro system that allows such therapeutic agents to be evaluated rapidly. This system uses flow cytometry to monitor expression of fluorescently tagged NMDAR subunits and uses excitotoxicity to monitor excessive NMDAR function. Using this novel approach, we demonstrate that an antisense construct can effectively reduce NR2A expression and the resultant NMDAR-mediated excitotoxicity.
MATERIALS AND METHODS

Polymerase Chain Reaction
All polymerase chain reactions (PCRs) were prepared in a dedicated hood with analytical pipettes for reagents, and a separate Gilson Microman pipette (Villiers-le-Bel, France) with a disposable piston/tip system for template DNA only. PCR reagents and primers were obtained from Invitrogen (Burlington, ON) and used according to the manufacturer's instructions. All PCR reactions were sequenced to check the fidelity of amplification.
Reverse Transcription-PCR
Cells expressing the desired constructs were harvested using Trizol reagent (Invitrogen) according to the manufacturer's instructions. The quality and yield of the RNA was checked using spectrophotometry and agarose gel electrophoresis to visualize 28S and 18S ribosomal RNA. Reverse transcriptase reactions (RT) were carried out using the Thermoscript Reverse Transcriptase-PCR System (Invitrogen) according to the manufacturer's instructions. For each RT reaction, 1 g of RNA, obtained from the entire transfected culture, was added to either the sense or antisense primer at a concentration of 10 M. To ensure that no DNA contaminated the RNA samples used in the RT-PCR, each RNA sample was incubated with DNase I for 60 min at 37°C. The enzyme was inactivated by incubating samples at 65°C for 30 min, in concert with subsequent chloroform extraction of the RNA. To ensure that no DNA survived this treatment, the unadulterated RNA samples were also subjected to PCR amplification. The following primers were used to prime reverse transcription of sense or antisense NR2A RNA, as well as for the subsequent PCR: sense primer GGCTACTGGACCTTGCTGGTATTGC; antisense primer CAGCCTCCTGGTCCGTGTCATCTC. These primers flank a 312-base pair (bp) region from bases 28 -340 of the Nakanishi NR2A sequence (GenBank accession number D13211; Ishii et al., 1993) . The following primers were used to amplify sense and antisense NR2D RNA, as well as for the subsequent PCR: sense primer GGAAGTGAGATTGTAT-GTGTGAG; antisense primer CCAATGGCTCGTGTG-TATG. These primers flank a 167-bp region within the 5Ј untranslated region (UTR) of NR2D.
Clone Construction
Several plasmids served as raw materials for clone construction (Fig. 1A) . Rattus norvegicus NR2A and NR2D cDNAs and their corresponding sequence data were obtained from Dr. S. Nakanishi (Kyoto University; Kyoto, Japan). NR1-4 and NR1-4-enhanced green fluorescent protein (EGFP) fusion constructs have been described previously (Holmes et al., 2002a ) from cDNAs obtained initially from S. Nakanishi, as well as a NR1-1-green fluorescent protein (GFP) fusion protein obtained from T. Hughes (Yale University; New Haven, CT). The Aequoria victoria enhanced yellow fluorescent protein vector pEYFP-N1 and the Discosoma sp. fluorescent protein vector pDsRed1-N1 were obtained from Becton Dickinson Biosciences (Mississauga, ON), and pcDNA3 was obtained from Invitrogen. The plasmids pHex 5000, pHex 9000, and pHex 9300 were obtained from C. A. Strathdee (Immunex Corporation, Seattle, WA).
Constructs were developed using naturally occurring restriction endonuclease sites, or sites introduced via recombinant PCR technology, as indicated in Figure 1B Procedures for culture, transfection, epifluorescence microscopy, and stable cell line production using the human embryonic kidney 293 cell line have been described previously (Holmes et al., 2002a,b) . All cell culture and transfection reagents were obtained from Invitrogen.
NMDAR Antagonists
To block NMDAR excitotoxicity, the competitive antagonist DL-2-amino-5-phosphonovaleric acid (APV; Sigma, St. Louis, MO) and the noncompetitive antagonist ketamine (Sigma) were used at concentrations up to 100 M and were added to the culture medium within 16 hr posttransfection, before significant transgene expression had occurred.
Flow Cytometry
Cells were harvested via brief trypsinization and collected into 1.5-ml tubes, which were centrifuged gently at 1,000 rpm for 5 min at 4°C. The cell pellet was resuspended in DMEM medium with no phenol red. When necessary, the cells were filtered through 40-m filters (BD Biosciences; Mississauga, ON). The cells were then transferred to 5-ml polystyrene tubes (BD Biosciences), and maintained on ice. Cells harvested in this way were then analyzed using a FACScan flow cytometer and Cellquest software (BD Biosciences; excitation ϭ 488 nm) using the FL1 (emission ϭ 519 nm) or FL2 (emission ϭ 565 nm) channels.
Transfection efficiencies for each pHex 9000 construct in both NR2A-EYFP and NR2D-EYFP stable cell lines were determined via flow cytometry as the percentage of cells expressing DsRed1 in the transfected culture. The mean percent DsRed1 expression (ϮSEM) in stable NR2A-EYFP cells (n ϭ 12) was 14.4 Ϯ 2.8 for pHex 9000, 3.2 Ϯ 0.4 for asNR2A, and 2.6 Ϯ 0.4 for asNR2D. Similarly, in stable NR2D-EYFP cells (n ϭ 14), the mean percent DsRed1 expression was 26.5 Ϯ 1.5 for pHex 9000, 8.8 Ϯ 0.8 for pHex 9000 asNR2A, and 8.1 Ϯ 0.8 for pHex 9000 asNR2D.
Statistical analyses consisted of one-way ANOVA in concert with Tukey's multiple comparison test, and were carried out using GraphPad Prizm 3.0 (GraphPad Inc., San Diego, CA). Where applicable, data are presented as means with the standard error of the mean (ϮSEM).
Protein Half-Life Determination
Stable cell lines were treated with cycloheximide (100 g/ml final concentration; Calbiochem, La Jolla, CA) suspended in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 , pH 7.4). Cells were then subjected to flow cytometry to measure the decay in protein fluorescence over time. Cell viability was tracked using the vital stain propidium iodide (PI; BD Biosciences). Protein decay values were fitted with exponential regression curves using MS Excel (Microsoft Corp., Mississauga, ON) software. The protein half-life was calculated as: T 1/2 ϭ 0.69/K where Y ϭ span(e Ϫ K x ) ϩ plateau.
Protein Characterization
The use of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to analyze protein has been described previously (Laemmli, 1970; Holmes et al., 2000) . The following antibodies were used: mouse monoclonal anti-NR1 (clone 54.1; BD Biosciences) diluted 1:400 in BLOTTO; rabbit polyclonal anti-NR2A (AB1555; Chemicon, Temecula, CA) diluted 1:1,000 in BLOTTO; goat polyclonal anti-NR2D (sc-1471; Santa Cruz, Santa Cruz, CA) diluted 1:100 in a caseinbased blocking reagent (Boehringer Mannheim, Burlington, ON). Secondary antibodies consisted of (FabЈ) 2 horseradish peroxidase (HRP)-conjugated goat anti-mouse, donkey anti-goat, or goat anti-rabbit IgG (Jackson ImmunoResearch; West Grove, PA), diluted 1:5,000 in block. Co-immunoprecipitation was carried out as described previously (Holmes et al., 2002a) using 2 g of a rabbit anti-NMDA⑀1 antibody (sc-9056; Santa Cruz) and 20 l of Protein-G Plus-Agarose suspension (Oncogene Research Products, Boston, MA).
RESULTS
NMDAR Subunit-EYFP Fusion Proteins Express, Fluoresce, and Are Stable
To visualize the expression, turnover, and function of NMDARs in living cells, we developed several EYFP fusion proteins. HEK 293 cells were chosen for this study as they have been used previously to characterize recombinant NMDAR subunit properties, including ion channel expression and function and assessment of NMDARmediated excitotoxicity (Marshall et al., 1995 , Wagey et al., 2001 . Recombinant NR1-4-EGFP fusion proteins have been described previously (Holmes et al., 2002a) , but were altered by substituting the EYFP protein moiety for EGFP (Fig. 1B) . We made a simple, C-terminal fusion of EYFP to the full-length NR2A (Fig. 1C) to yield the construct NR2A-EYFP. The construct NR2D-EYFP contains the EYFP moiety inserted within the intracellular C-terminal domain (Fig. 1D) . All of these constructs were expressed, and fluoresced upon stable transfection into 293 cells (Fig. 2) . The lower molecular weight bands for NR1-C02Ј-EYFP, NR2A-EYFP, and NR2D-EYFP represent degradation products as reported previously by us and others (Guttmann et al., 2001 , Holmes et al., 2002 , Wang et al., 2002 . The distribution of our NR2A-EYFP construct in 293 cells was very similar to that of an N-terminally tagged GFP-NR2A reported by Luo et al. (2002) and others using different techniques (Huh and Wenthold, 1999; Fukaya et al., 2003) . SDS-PAGE and Western blotting confirmed that proteins of the expected molecular weight were expressed successfully from these cell lines (Fig. 2) .
The recombinant fusion proteins developed should behave identically to their parental native proteins provided that the addition of the EYFP moiety: (1) did not destabilize the protein; and (2) did not interfere with requisite protein-protein interactions either through steric hindrance or conformational change. To address the first point, we assessed the stability of the recombinant fusion proteins by using cycloheximide to block protein synthesis for varying amounts of time. This allowed the protein half-lives of the various constructs to be quantified using flow cytometry to track the change in EYFP fluorescence over time. Cytotoxicity associated with this treatment was monitored using the vital stain PI. Figure 3 displays the results of this analysis. The half-life of NR1-C02Ј-EYFP was 4.0 hr as determined by flow cytometry (R 2 ϭ 0.95, n ϭ 3). This value is similar to the previously reported value for NR1C0C2ЈEGFP determined via SDS-PAGE (Holmes et al., 2002a) , and for C2Ј cassette-containing NR1 (Huh and Wenthold, 1999) . The half-life of NR2A-EYFP was calculated to be 9.0 hr (R 2 ϭ 0.97, n ϭ 4), whereas NR2D-EYFP exhibited a half-life of 11.9 hr (R 2 ϭ 0.9, n ϭ 3). These turnover rates are similar to the value reported previously (16 Ϯ 5 hr) for the native NR2 subunit NR2A (Huh and Wenthold, 1999) .
Antisense NR2A Significantly Reduces NR2A-EYFP Expression
Antisense constructs targeting NR2A and NR2D were generated using simple directional cloning techniques (Fig. 1C,D) . We focused on the region flanking the NR2A and NR2D start codons, as inclusion of the start codon can interfere with translation initiation and elongation in addition to the other, more typical mechanisms of antisense-mediated expression interference (Baker and Monia, 1999; Crooke, 1999) . Although asNR2A and asNR2D consisted of large, ϳ3.5-kb segments of their respective cDNA, the asNR2A2 and asNR2D2 constructs were smaller and targeted more specifically to the region surrounding the start codon. asNR2A2 was generated from a ϳ800-bp segment of the NR2A cDNA, and asNR2D2 was generated from a ϳ400-bp segment of the NR2D cDNA. The latter cassette was also cloned in sense orientation as a control (sNR2D2). These antisense constructs were expressed from the pHex 5000 or pHex 9000 vectors. The vector pHex 5000 co-expresses EGFP, a green fluorescent marker, whereas pHex 9000 coexpresses the red fluorescent marker DsRed1.
Control 293 cells and 293 cells stably expressing NR2A-EYFP or NR2D-EYFP were transfected with pHex 9000 asNR2A and asNR2D constructs. RT-PCR was carried out on the entire population of cells within the transfected culture to confirm that both asNR2A and asNR2D were expressed at the RNA level (Fig. 4A,B) . Expression of the 5ЈUTR of NR2D was also confirmed, which demonstrated that the target NR2D mRNA included this region. The presence or absence of the 5ЈUTR of NR2A could not be confirmed as RT-PCR of this region generated confounding artifacts (data not shown), probably resulting from extensive hairpins in this region (Wood et al., 1996) . Instead, the NR2A RT-PCR was targeted to the NR2A open reading frame (ORF).
The pHex 9000 vectors expressing antisense and related control constructs were then transiently transfected into NR2A-EYFP and NR2D-EYFP stable cell lines. By using the pHex 9000 vectors to express the antisense and control constructs, the successfully transfected cells were marked with DsRed1. Through flow cytometry, this gated DsRed1 population was separated from the much larger population of untransfected cells in the transient expression assay, as the mean channel fluorescence of the stably expressed NR2A-EYFP or NR2D-EYFP in the total ungated cell population was not affected significantly by transfection with any pHex 9000 control or antisense constructs (data not shown). In this way, the signal was separated effectively from the noise (exemplified by Fig.  5A,B) . The effect of the various pHex 9000 constructs on gated mean EYFP fluorescence levels in the NR2A-EYFP and NR2D-EYFP cell lines was quantified using this approach (Fig. 5C,D) . The most effective construct was asNR2A, which reduced NR2A-EYFP expression by ϳ55% in the overexpressing cell line after 48 hr (P Ͻ 0.001 vs. controls, n ϭ 12). The smaller construct, asNR2A2, was considerably less effective, reducing NR2A-EYFP expression by ϳ35% (P Ͻ 0.001 vs. controls, n ϭ 12). The asNR2D construct was also effective against its NR2D target; asNR2D reduced the expression of NR2D-EYFP by ϳ35% (P Ͻ 0.001, n ϭ 14) with no effect on NR2A-EYFP fluorescence levels, demonstrating the specificity of asNR2D for its target. Likewise, asNR2A and asNR2A2 had no effect on NR2D-EYFP expression, suggesting that the effects of these constructs were highly specific for their corresponding NR2A target.
NR2A-EYFP and NR1-C02-EYFP Form Functional, Excitotoxic Channels
Co-expression of fluorescently tagged NR1 and NR2A proteins led to an association between the two proteins that was confirmed using both epifluorescence microscopy and co-immunoprecipitation (Holmes et al., 2002b ; Fig. 6A ). NR2A-EYFP and NR1-C02Ј-EYFP could not be co-expressed in the absence of NMDAR antagonists, as the resultant excitotoxicity rapidly deleted co-expressing cells in complete media. Using flow cytometry, we tracked the resultant cell death by incubating transfected cells with PI, which fluoresces in the red (FL2) channel. As shown in Figure 6B , transient transfection of NR2A-EYFP into the NR1-C02Ј-EYFP stable cell line increased the proportion of cells that failed to exclude the vital stain PI by approximately threefold versus EYFP alone after 24 hr (P Ͻ 0.001, n ϭ 5). The NMDAR antagonist APV (25 M) had no effect on this cell death (P Ͼ 0.05, n ϭ 5); however, increasing the APV dose to 100 M resulted in a significant reduction in the proportion of dead cells (P Ͻ 0.05, n ϭ 5). The noncompetitive NMDAR antagonist ketamine (100 M) abolished excitotoxic cell death such that the percentage of PI-positive cells was not significantly different from the EYFP transfection controls ( Fig. 6C ; P Ͻ 0.001, n ϭ 4). In contrast, transfection of NR2D-EYFP did not lead to excitotoxicity (P Ͼ 0.05, n ϭ 4). This is compatible with previous research that indicated that NR2C, which is the protein most highly related to NR2D, also does not generate excitotoxic channels in cultured cells (Anegawa et al., 1995) .
Although PI staining did allow us to monitor the excitotoxic cell death associated with co-expression of NR1-4 and NR2A, this procedure had several deficiencies that rendered it less than optimal for evaluating the effects of antisense constructs on NMDAR function. First, the flow cytometer, although highly accurate and objective, underestimates the total number of cells killed via excitotoxicity, as objects that do not fall within the desired forward-scatter and side-scatter limits are discarded from analysis. Thus, cells that are advanced in apoptosis or necrosis are unlikely to be counted, as these cells cannot be distinguished reliably from debris. Secondly, the cell death observed using PI exclusion is not exclusively excitotoxic in nature, as the transfection itself can contribute significantly to observed cell death (e.g., by ϳ1/3 when pEYFP-N1 is transfected; Fig. 6B ). Both of these factors reduce the signal-to-noise ratio of this assay.
To improve the signal-to-noise-ratio associated with our excitotoxicity assay, we again turned to the pHex 9000 vector system to allow antisense vector transfected cells to be tracked directly. Furthermore, the loss of red fluorescence in the transfected cell population could be used as an indicator of cell death, similar to that shown previously using GFP (Anegawa et al., 2000) . Transfection of the NR1-C02Ј-EYFP stable cell line with the pHex 9000 vector led consistently to expression of DsRed1 in approximately 20% of the cells. This percentage was unaffected by the presence of 100 M ketamine ( Fig. 6D ; P Ͼ 0.05, n ϭ 4). In contrast, when NR2A was expressed from the pHex 9000 vector, the percentage of cells expressing DsRed1 was reduced significantly by ϳ2/3 after 48 hr ( Fig. 6D ; P Ͻ 0.001, n ϭ 4). Administration of ketamine restored the percentage of DsRed1-expressing cells to levels that were indistinguishable from the vector controls ( Fig. 6D ; P Ͼ 0.05, n ϭ 4). A similar relationship was observed when NR1-4 was expressed from the pHex 9300 vector, and transfected into the NR2A-EYFP stable cell line ( Fig. 6E ; P Ͻ 0.001, n ϭ 4).
asNR2A Reduces NMDAR-Mediated Excitotoxicity in NR2A Protein-Limiting Conditions
To demonstrate that asNR2A could reduce NMDAR excitotoxicity, asNR2A was expressed from the pHex 5000 vector. Accordingly, pHex 5000, pHex 5000 asNR2A, or pHex 5000 asNR2D were transfected into the NR1-C02Ј-EYFP stable cell line (Figs. 7 and 8) or the NR2A-EYFP stable cell line (Fig. 8) . Each stable cell line was also transfected with a pHex 9000 or pHex 9300 vector (not shown) that co-expressed the complementary NMDAR subunit along with DsRed1. The data presented in Figure 7 is one of the replicates taken from the combined data of Figure 8 (6:1 ratio) as a means to illustrate how the excitotoxicity assay works. Because ketamine fully protects cells from excitotoxicity (Fig. 6B,E) , the percentage of ketamine-treated cells expressing DsRed1 for a given transfection was defined experimentally as 100% protection (Fig. 7, left panels) . Conversely, as illustrated in Figure 6 , it was assumed that in the absence of an asRNA, cells would not be protected from excitotoxicity and therefore the percentage of surviving cells 48 hr posttransfection expressing DsRed1 was defined experimentally as 0% protection. Using this relative scale, the performance of the pHex 5000 antisense and control vector constructs was assessed. In the presence of the control empty vector pHex 5000, only 42% of the transfected population of the DsRed1-expressing cells survived in the absence of ketamine and was equivalent to 0% protection (Fig. 7A) . In contrast pHex asNR2a maintained 86% of the DsRed1-positive cell population found in the presence of ketamine (Fig. 7B) and thus a 50% level of protection was achieved. pHex asNR2D (Fig. 7C) could maintain only 53% of the DsRed1-positive cell population found when ketamine was present or 14% protection for this experiment.
Using this assay, a dose-response experiment was carried out to see how effective the asNR2A was in reducing excitotoxicity under conditions where NR2A was limiting or in excess at the time that asNR2A was expressed. The NR1-C02Ј-EYFP cell line (Fig. 8A ) was co-transfected at a 2:1 ratio of pHex 5000 asNR2A to pHex 9000 NR2A, which led to levels of DsRed1-expressing cells that were no different from cells treated with pHex 5000 or pHex 5000 asNR2D after 48 hr (P Ͼ 0.05, n ϭ 8;). When the ratio was increased to 6:1, however, pHex 5000 asNR2A increased the percentage of DsRed1-expressing cells to ϳ80%; a significant increase versus pHex 5000 or pHex 5000 asNR2D (P Ͻ 0.05, n ϭ 6). This percentage of cells was not significantly different from cells treated with a pHex 9000 vector that did not co-express NR2A (P Ͼ 0.05, n ϭ 6). In contrast, a 6:1 ratio of pHex 5000 asNR2A to pHex 9300 NR1-4 was no more effective than pHex 5000 or pHex 5000 asNR2D in the NR2A-EYFP cell line.
DISCUSSION
To identify and evaluate effective antisense constructs, we developed EYFP-tagged NMDAR subunits that allow protein expression to be tracked using fluorescence microscopy and flow cytometry. It is possible that the fusion of EYFP to the NR2 subunit may alter the Fig. 6 . Characterization of exaggerated NMDAR activity via analysis of excitotoxicity. A: An antibody specific for the N-terminus of NR2A was used to coimmunoprecipitate bound NR1-C02-EYFP to confirm its interaction with NR2A-EYFP; 293 cells, and 293 cells expressing NR1-C02Ј-EYFP, were loaded as negative and positive controls, respectively. B: NR1-C02Ј-EYFP cells were transfected with EYFP, or NR2A-EYFP in the presence or absence of the competitive NMDAR antagonist APV. After 24 hr, cells were harvested, treated with PI to mark nonviable cells, and analyzed via flow cytometry. The percentage of PI (FL2)-positive cells was quantified. C: A similar experiment was carried out using the non-competitive NMDAR antagonist ketamine. D: NR1-C02Ј-EYFP cells were transfected with pHex 9000, pHex 9000 NR2A, or NR2A-DsRed1 in the presence or absence of 100 M of the non-competitive NMDAR antagonist ketamine. After 48 hr, cells were harvested and analyzed via flow cytometry. The percentage of DsRed1 (FL2)-positive cells was quantified. E: A similar experiment was carried out on the NR2A-EYFP cell line. Error bars ϭ SEM (*significantly different vs. all except **, P Ͻ 0.001; **P Ͻ 0.05 vs. *, P Ͻ 0.001 vs. all others, n ϭ 5; ***P Ͻ 0.001 vs. EYFP controls, n ϭ 4; P Ͻ 0.001 vs. all others, n ϭ 4; P Ͻ 0.001 vs. all others, n ϭ 4). stability or folding of the resultant protein. We have described previously an EGFP-tagged NR1-4 subunit with this deficiency (Holmes et al., 2002a) . To characterize stability of the tagged NMDAR 1 and 2 subunits used in this study, we treated stably transfected cell lines expressing these proteins with the protein synthesis blocker cycloheximide and monitored the decay of the protein pool using EYFP fluorescence. Although we could not use this methodology to directly compare half-lives of EYFPtagged subunits with unadulterated NMDAR subunits, the observed values were generally similar to previously reported values for NR1 and NR2A turnover (Huh and Wenthold, 1999; Holmes et al., 2002a) . Endogenously expressed NMDAR subunits are synthesized in an environment containing a multitude of binding partners and other NMDAR subunits. Neuronal expression levels are also likely to be considerably lower than those found in our overexpressing cell lines. These differences may account for the somewhat faster turnover of NR2A-EYFP versus endogenously expressed NR2A (Huh and Wenthold, 1999) . We also assessed the functional competence of the subunits using excitotoxicity upon coexpression with the necessary NMDAR subunit partner. NR2A-EYFP formed functional channels upon coexpression with NR1-C02Ј-EYFP that led to cell death that was blocked by NMDAR antagonists.
The use of fluorescent proteins and flow cytometry to track the expression of NMDAR subunits and antisense constructs had several advantages over more conventional approaches. Besides allowing living cells to be analyzed without processing, the EYFP-tagged constructs greatly simplified the production of stable cell lines. The stable cell lines were demonstrably homogeneous in expression quality and quantity. Little variation was observed in the percentage of cells expressing EYFP, or the EYFP fluorescence intensity of the cells from replicate to replicate within a given experiment.
The flow cytometry-based assays developed for this study also increase the signal-to-noise ratio more than that with traditional assays. Antisense effects on NR2A or NR2D protein expression could have been characterized and quantified using Western blots. Although this procedure is highly effective when soluble oligonucleotides are employed, transfection efficiencies of the antisense vectors were typically low. Thus, the much larger population of untransfected cells would obscure the activity of an antisense construct. For example, a construct that could reduce protein expression by 50%, when transfected into 20% of the cells, would theoretically reduce the total protein yield by only 10%. Besides being difficult to detect by densitometry, this 10% would underestimate the true effectiveness of a construct by fivefold. Thus, the use of immunological techniques to monitor changes in subunit expression would not have allowed cells transfected (the signal) to be identified easily and separated from untransfected cells (the noise). Transfection-to-transfection variation can also be problematic. The variation in the percentage of transfected cells, as well as the intensity of transfected cells can vary considerably in transient transfections. Because the mean fluorescence intensity is insen- Fig. 7 . Methodology used to analyze the effect of antisense constructs on excitotoxicity. As exemplified for the NR1-C02Ј-EYFP stable cell line, cells were transfected with pHex 9000 NR2A (DsRed1 co-expressing), and pHex 5000 (EGFP co-expressing) vectors that were either empty (A), or expressed asNR2A (B), or asNR2D (C). Each transfection was applied to two sets of wells: one that received 100 M of the noncompetitive NMDAR antagonist ketamine (left) and one that did not (right). After 48 hr, cells were harvested and subjected to flow cytometric analysis and the percentage of sitive to the total numbers of cells gated, the antisense assay is much more resistant to transfection-to-transfection variation.
Likewise, the functional assays were improved by using flow cytometry to track the expression of NMDAR subunits. Previous characterizations of NMDARmediated excitotoxicity have transiently co-expressed NR1 and NR2 (Anegawa et al., 1995 (Anegawa et al., , 2000 , and used a third plasmid expressing GFP to mark transfected cells (Anegawa et al., 2000) . The loss of GFP expression in the absence of NMDAR antagonists was then interpreted as an index of excitotoxicity. The considerable variation observed using our transient transfection system would have limited the effectiveness, and especially the resolution of this approach. Stable expression of NMDAR subunits, as well as the ability to specifically track each subunit, allows transfection variability to be minimized and nonexcitotoxic cell death to be excluded. These improvements significantly enhanced the signal-to-noise ratio of our assay, allowing us to resolve the effects of antisense constructs in reducing NMDAR function.
The reduction in exaggerated NMDAR activity as a result of asNR2A expression seemed to occur only where NR2A levels were limiting. In the NR1-C02Ј-EYFP cell line, the amount of vector DNA for the antisense construct had to be at least sixfold greater than the NR2A target. In the NR2A-EYFP cell line, NR2A levels are likely in great excess. Thus, whereas 1 g of asNR2A DNA reduces NR2A-EYFP expression in the stable cell line by more than 50% after 48 hr, the remaining protein is sufficient to generate excitotoxic levels of NMDARs. These data likely reflect the requirement for an excess of antisense RNA in comparison to its target mRNA in order for asNR2A to be effective. Although this seems to limit the utility of asNR2A to these specific conditions, it must be stressed that the artificial expression conditions that were amenable to intervention with asNR2A are in line with endogenous NMDAR expression conditions in vivo; namely, where NR2 expression levels are limiting for channel formation (Goebel and Poosch, 1999; Huh and Wenthold, 1999; Prybylowski et al., 2002) . Furthermore, the reduction in NMDAR hyperexcitability using asNR2A is more desirable than blocking the function of NMDAR entirely, which would have negative consequences on normal synaptic transmission. Thus, even if only a 50% reduction of NR2A expression is achieved, it may be sufficient to prevent or reduce pathologies associated with NMDAR hyperexcitability.
NMDAR antagonists have obvious utility for treating transient NMDAR pathology, such as in ischemia or CNS trauma, as transient, global application of antagonists does not interfere with the important cognitive functions of NMDARs over the long term. For autonomic dysreflexia and chronic pain syndromes associated with spinal cord injury, however, sustained, global administration of antagonists leads to profound side effects (Doble, 1999; Hewitt, 2000) that can be as bad or worse than the original conditions (Parsons, 2001) . The neurons responsible for these conditions can be transduced selectively by viral vectors derived from herpes simplex virus type-1 (LeVatte et al., 1997 (LeVatte et al., , 1998 Wilson et al., 1999) . Thus, one way to deliver an anti-NMDAR therapeutic agent more selectively to the neurons responsible for disease would be through the use of such a vector. Accordingly, we focused on developing an antisense NR2A gene, because NR2s are limiting for channel formation. As well, NR2A is the most excitotoxic NR2 subunit (Anegawa et al., 1995) , and contributes to chronic pain in vivo (Minami et al., 1997) . Thus NR2A containing NMDAR are likely to be partic- Fig. 8 . asNR2A reduces NMDAR excitotoxicity where NR2A is limiting. Using the methodology outlined in the text and Figure7, NR1-C02Ј-EYFP cells (A) or NR2A-EYFP cells (B) were transfected with pHex 9000 NR2A (A) or pHex 9300 NR1-4 (B), respectively, along with pHex 5000 control or antisense constructs. Each transfection was applied to a set of wells that received 100 M of the noncompetitive NMDAR antagonist ketamine, and a set of wells that did not. For each transfection, the expression of DsRed1 in the absence of ketamine was then normalized against its ketamine control (see text). Empty pHex 9000 or pHex 9300 vectors were also transfected into the cell lines as negative controls. The ratio of pHex 5000 construct DNA (antisense) to pHex 9000 NR2A (A) or pHex 9300 NR1-4 (B) DNA (sense) in each cell line is indicated. Error bars ϭ SEM (*significantly different vs. all others, P Ͻ 0.05, n ϭ 6; **P Ͻ 0.05 vs. all others, n ϭ 6). ularly hyperexcitable. Although vectors expressing antisense genes targeted to NR1 have been described previously (Finegold et al., 2001; Cheli et al., 2002) , no such construct has yet been developed for any NR2 subunit.
The antisense constructs generated in this study were produced using simple directional cloning technology. We favored the generation of larger, highly specific constructs that would be suitable for delivery using a viral vector. Within the ORFs of NR2A and NR2D, the sequences share 58.8% identity. Thus, because the antisense constructs did not affect expression of nonspecific target proteins, asNR2A and asNR2D are highly specific for their target mRNAs. The smaller constructs that we developed were less effective or not effective as determined using our assays. The presence of secondary structures within the 5ЈUTR of NR2A (Wood et al., 1996) might have contributed to the reduced effectiveness of the smaller asNR2A2 construct. Further refinement of our antisense construct should be possible, and could be accomplished readily using our assays. Our assays can also be extended to test small interfering (si)RNAs (Shi, 2003) and dominant negative mutants (Holmes et al., 2002a) . The development of rapid and effective assays for evaluating constructs that interfere with NMDAR function has allowed the conditions required for construct effectiveness to be identified and characterized, and should greatly improve further optimization.
